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Department of Biology, University of Oslo, Oslo,partitioning of the cellular components into the daughter cells are well
Norway.known. Within the endomembrane system, there is a general cessation of
membrane traffic, including endocytosis and endosome fusion, at the
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mitosis has been less well studied.
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The segregation into daughter cells takes place by coordinated movements,
Published: 1 May 2001and during cytokinesis, these organelles accumulate in the vicinity of the
microtubule organization center. However, partitioning into daughter cells
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is not more accurate than a calculated stochastic distribution, despite the
apparent order to the process. 0960-9822/01/$ – see front matter
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Conclusion: We conclude that partitioning of endosomes and lysosomes
is an ordered, yet imprecise, process, and that the organelle copy number
is maintained by the daughter cells.
Introduction been suggested that there are a stereotypical number of
vesicle clusters that are partitioned to the daughter cellsDuring mitosis, the biosynthetic activity in animal cells
by an ordered and accurate mechanism [4], possibly dueis slowed down, and the main task is then to segregate
to interactions with the mitotic spindle microtubules [5].the chromosomes and to partition all other cellular compo-
nents to the two daughter cells. Cellular organelles are
partitioned into daughter cells by more or less stringent The fate of endosomes and lysosomes during cell division
mechanisms. The most ordered partitioning is based on has not been revealed in detail thus far, most likely be-
the mitotic spindle [1]. This insures highly accurate segre- cause of the dynamic properties of these organelles. Endo-
gation of chromosomes by tethering each sister chromatid somes have been shown to exist both as distinct organelles
to one or the other of the spindle poles through microtu- and in an interconnected network [6, 7]. Lysosomes are
bules attached to the kinetochores. When partitioning is also dynamic, but mostly distinct, and more than 1000
not directed, the distribution is random, based on the laws organelles per cell have been recorded [8, 9]. The lyso-
of probability [2]. In this case, the accuracy of partitioning some equivalent in fungi is the vacuole. In budding yeast,
depends on the number of organelles, a uniform distribu- there are often only 1–5 vacuoles, and these are inherited
tion, and an equal division of the cell’s volume into the by an ordered mechanism that does not involve fragmen-
nascent daughter cells. tation [10].
In most eukaryotic cells, the onset of mitotic prophase is By using confocal and video microscopy, we have de-
marked by significant changes in organelle structure and scribed the partitioning of endosomal and lysosomal popu-
function. Some organelles fragment and vesiculate, a lations labeled with endocytosed fluorochromes or a GFP-
mechanism that facilitates the partitioning between daugh- tagged early endosomal marker. Moreover, we utilized
ter cells (for a review, see [2]). The mechanisms underly- the enlarged endosomes induced by overexpression of
ing organelle fragmentation involve a transient inhibition invariant chain to study the inheritance of a particular
of fusion machinery in the face of the continuing budding endosome in more detail.
of transport vesicles, and the result is a progressive vesicu-
lation of the organelles. The Golgi complex provides a Results
striking example of membrane redistribution, although Endosomal and lysosomal populations remain distinct
there is still some controversy about the precise mecha- during cell division
nisms involved in this process (for a review, see [3]). To label late endocytic compartments, MDCK cells were
During mitosis, the Golgi apparatus breaks down from a incubated with BSA-Alexa 594 overnight and washed and
incubated with microscopy medium without BSA-Alexasingle copy organelle into several vesicle clusters. It has
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Figure 1
Segregation of late endosomes and
lysosomes. To label late endocytic
compartments, cells were incubated overnight
with BSA-Alexa 594 and then chased for 30
min in medium without BSA-Alexa 594.
Confocal microscopy images of live cells at
378C were acquired. An asterisk identifies (a)
the mother cell 45 min before division, (b)
the mother cell during mitosis, and (c) the
daughter cells 45 min after division
(supplementary movie 1, image every min).
594 for at least 30 more minutes. Images were acquired shape did not result in similar observations (data not
shown).every 5 min and show that late endocytic compartments
remained labeled with BSA-Alexa 594 during cell division
(Figure 1). To study the fate of early endosomes during To study the intracellular distribution of endosomes and
lysosomes in detail, we performed two-color time-lapsemitosis, we used cells that were stably transfected with
EEA1-GFP. At the onset of mitosis, the cytoplasmic fluo- experiments in which two-channel images of five confocal
planes were acquired every minute and merged to onerescence by EEA1-GFP increased, and this was main-
tained throughout mitosis until it decreased in the newly plane. Digital analysis of high-resolution confocal micros-
copy images showed that average interphase MDCK IIformed daughter cells (Figure 2). However, endosomes
were still labeled, indicating a shift toward free EEA1 in cells contained about 400 early endosomes (EEA1-GFP-
positive) and about 800 late endocytic compartmentsmitosis. To exclude that this observation was an artifact
of the more globular shape of mitotic cells, the MDCK (BSA-Alexa 594-positive). In interphase cells, there was
very little overlap between BSA-Alexa 594 chased for 30cells were treated with trypsin, but the resulting globular
Figure 2
Distribution of EEA1-GFP during mitosis. Live dividing cells at 378C 60 min before division, (b) the mother cell during mitosis, and (c) the
were monitored by phase contrast and video fluorescence daughter cells 60 min after division (supplementary movie 2, image
microscopy. EEA1-GFP labeling is displayed as green (big window) every 20 min).
or grayscale (small frame). An asterisk identifies (a) the mother cell
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Figure 3
Simultaneously labeled endosomes and lysosomes during mitosis. were selected. Image subtraction was performed to visualize changes
MDCK cells expressing EEA1-GFP were incubated overnight with during each sequence. The second image in a sequence was
BSA-Alexa 594 and chased to label late endocytic compartments. subtracted from the first, the third from the second, and so on. The
Live, dividing cells at 378C were studied by dual-parameter confocal subtracted images were merged and displayed (green channel). To
microscopy. Five different z scans were acquired every minute and identify vesicle movements, subtracted images were analyzed
merged. (a) Each micrograph displays a two-channel overlay (big individually. The pattern of movement of selected vesicles is labeled
frame) and separate grayscale images of EEA1-GFP labeling (left small in white; the arrowheads indicate the direction. The red channel
frame) and BSA-Alexa 594 (right small frame) of (i) cells entering mitosis, displays the final position of labeled vesicles at the end of each
(ii) 2 min after cytokinesis, and (iii) 30 min after cytokinesis. (b) Between sequence (supplementary movie 3, image every minute).
six and ten images from different parts of the image sequences
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Figure 4
Three-dimensional reconstructions of newly
formed daughter cells. MDCK cells
expressing EEA1-GFP were incubated
overnight with BSA-Alexa 594 and chased
to label late endosomes and lysosomes. Cells
were followed through mitosis with confocal
microscopy, and five different z scans of newly
formed daughter cells were acquired. The
micrographs show three-dimensional
representations of the data. (a) The z series
merged to one plane. (b) The z series stack
rotated vertically. (c) The z series stack rotated
horizontally. (supplementary movie 4)
min or more and EEA1-GFP (Figure 3a). Data from such to identify separate vesicles. Three hours after cytokine-
sis, the daughter cells had flattened out, but on average,experiments showed that during mitosis, labeled vesicles
were dispersed throughout the cytoplasm but accumu- the number of labeled endosomes/lysosomes in the two
daughter cells was only 90% of that of the parental celllated at a juxtanuclear position right after cytokinesis (Fig-
ure 3a). This was facilitated by directional, coordinated before mitosis. At this time, the number of EEA1-GFP-
labeled endosomes had increased to about 150% (data notmovements (Figure 3b). In the merged version, there is
seemingly an overlap between the two different labels shown), indicating that new early endosomes were formed
in the early G1 phase.(yellow in Figure 3a). However, as shown in Figure 4,
three dimensional reconstitutions from the sections dem-
onstrated that early and late endocytic compartments were Another explanation for the decreased number of vesicles
in the daughter cells could be that some vesicles didalso distinct and separate throughout cytokinesis (supple-
mentary data available, movie 5). About 30 to 60 min after fuse during mitosis. To address this possibility, cells were
labeled overnight with BSA-Alexa 594 and chased for 30cytokinesis, endosomes and lysosomes started to migrate
from the juxtanuclear position to distribute throughout min in microscope medium. The total BSA-Alexa 594
fluorescence within the mother cells was then quantifiedthe cytoplasm (Figure 3).
and related to the total fluorescence in the daughter cells
(Figure 5). With this approach, we obtained a more narrowEndosomes and lysosomes are not accurately
segregated to the daughter cells distribution than with the counted number of vesicles;
The observed shift in the intracellular localization of the however, the experimental data were still not within the
endocytic compartments during cell division suggested borders of the calculated binomial distribution.
some degree of order to the partitioning of these organ-
elles. To study if there was a higher degree of precision Enlarged endosomes are not fragmented during mitosis
to the process than what would be expected by a random Time-lapse fluorescence microscopy of labeled endo-
partitioning, the number of EEA1-GFP- or BSA-con- somes suggested that the endosomes and lysosomes did
taining vesicles present after mitosis was estimated in not fragment during mitosis. However, these observations
the daughter cells and related to the number of labeled did not rule out a possible transient fragmentation of the
vesicles in the mother cell 30 min prior to mitosis. Data vesicles before cytokinesis, followed by rapid reassembly
from analysis of 20 divisions were grouped, plotted, and after cytokinesis. To study this in more detail, we utilized
related to the expected distribution of 100 endosomes stably transfected MDCK cells with enlarged endosomes
partitioned by a random distribution (Figure 5). induced by high levels of invariant chain [11]. Growth
experiments demonstrated that the generation time was
The data show that the distribution of both early endo- only slightly prolonged in cells with enlarged endosomes
somes and late endocytic compartments was shifted slightly (data not shown). Studies on fixed cells with enlarged
to the left of, but was not more focused than, the theoreti- endosomes and the DNA stained with ethidium bromide
cal binomial distribution. From this, we may conclude demonstrated that the enlarged endosomes were present
that there is no strong mechanism assuring an equal distri- in all mitotic phases (data not shown). Moreover, the size
bution of the number of endosomal organelles to the and stability of the enlarged endosomes allowed us to
study the fate of single endosomes in dividing cells usingtwo daughter cells. A shift to the left of the theoretical
distributions is due to a lower number of labeled vesicles time-lapse phase contrast microscopy. The results showed
that the enlarged endosomes remained intact and wereafter mitosis. One explanation for this could be that 30
min after cytokinesis, the daughter cells were still in a not detectably fragmented during mitosis and cytokinesis
(Figure 6).rounded configuration, and it was therefore more difficult
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Figure 5
Quantitative analysis of endosome/lysosome
partitioning. Images of mother cells 30 min
before cytokinesis and daughter cells 30 min
after division were analyzed digitally (see
Materials and methods). The number of
labeled endosomes and the value of total
BSA-Alexa 594-labeling were determined, and
the fractions found in the daughter cells were
organized in groups and plotted. Data
obtained from 17–23 time-lapse experiments
are shown for each dataset. The random
distribution was estimated by the binomial
formula
P(r) 5 1 N!r!(N 2 r)!2 pr (1 2 p)N 2 r,
where P(r) is the probability of exactly r
successes. r (the probability for any endosome
to be partitioned to any daughter cell) was
set to 0.5, and, for simplicity reasons, N (the
number of endosomes) was set to 100. The
probabilities were then grouped and plotted.
Discussion and conclusion a rounded configuration during mitosis, the endosomal
compartments became more clustered, but detailed three-In this paper, we have addressed two basic questions: are
endosomes and lysosomes stable entities during mitosis, dimensional analysis showed that, also in this phase, the
markers did not significantly overlap. This shows thatand, if so, how is the copy number maintained?; and are
endosomes and lysosomes partitioned to the daughter the endosomal compartments were separate throughout
mitosis.cells in an ordered manner? To obtain the proper distribu-
tion of organelle membranes to the daughter cells, both
To study the fate of single endosomes during mitosis, wethe ER and the Golgi complex disassemble during mito-
took advantage of the enlarged endosomes induced bysis. So far, the fate of endosomes during cell division has
Ii expression in stably transfected MDCK cells. Phasenot been extensively studied. Due to extensive organelle
contrast video microscopy did not reveal detectable frag-movement and the small size of endosomes, following
mentation of the enlarged endosomes during cell division.specific endosomal compartments during division and cy-
In addition, whereas fusion of endosomes could be readilytokinesis has been problematic.
observed in interphase cells (T.W.N, T.F.G., T.B., J.W.,
E.S., and O.B., unpublished data), this was not observedTo identify early endosomes, we used cells transfected
with EEA1-GFP, and late endocytic compartments were during mitosis. From the above data, we draw the conclu-
sion that in MDCK cells, endosomes and lysosomes areidentified by the uptake and chase of BSA-Alexa 594. By
this method, we could clearly distinguish the two separate maintained during cell division and do not fragment or
fuse. This conclusion is also supported by previous dataendosomal compartments in interphase cells with hardly
any overlap of the two markers. As the cells assumed showing that the process of endocytosis is arrested upon
Figure 6
Phase contrast video microscopy of cells with
invariant chain-induced enlarged
endosomes. Formation of enlarged
endosomes was induced by overnight
expression of invariant chain, and phase
contrast microscopy images of dividing, live
cells at 378C were acquired every minute for
4 hr. An asterisk identifies (a) the mother cell
60 min before division, (b) the mother cell
during mitosis, and (c) the daughter cells 30
min after division (supplementary movie 6,
image every minute).
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the entry into mitosis (for a review, see [12]) and data from colocalization analysis suggest that the segregation of en-
dosomes and lysosomes might be ordered, the accuracycell-free systems showing that endosome fusion events are
of partitioning is not higher than what would be expectedarrested in mitotic extracts [13, 14].
by a stochastic distribution.
Endosomes and lysosomes have long been appreciated
We found the cytoplasmic distribution of EEA1-GFP toto be highly dynamic structures that exhibit microtubule-
increase upon the onset of mitosis. A similar pattern hasdependent, saltatory movements [15], a process facilitated
been observed with rab4, which is phosphorylated duringby motor proteins (for a review, see [16]). Previous reports
mitosis, causing the protein to redistribute to the cyto-have shown that during mitosis, endosomes sometimes
plasm [21–23]. EEA1 is recruited to early endosomalcluster at the mitotic spindle poles [17–20]. Our results
membranes by phosphatidyl inositol 3-phosphate [24–26],show that after cytokinesis, early and late endocytic com-
the SNARE syntaxin-6 [27], and the GTPase rab5 [28].partments inherited from the mother cell colocalized at
EEA1 plays an important role in endosome fusion [28–30]a juxtanuclear position in the area of the microtubule
by acting as a tethering factor (for a review, see [31]). Inorganization center. Furthermore, immunofluorescence
a recent report, Nielsen et al. [32] have shown that rab5microscopy studies of fixed cells showed that these organ-
both stimulates the association of early endosomes withelles colocalized with microtubules in all mitotic phases
microtubules and the movements of early endosomes to-(data not shown). Together, these data hint at the possibil-
ward the center of the cell. Interestingly, the rab5b isotypeity that microtubules play a role in endosome/lysosome
has been demonstrated to be phosphorylated by cdc2partitioning, and we asked if this would cause endosomes
kinase in vitro [33]. However, to our knowledge, the distri-and lysosomes to be partitioned with higher accuracy than
bution of rab5b has not been studied during mitosis, andby a random procedure. To address this question, we
we can, at present, only speculate about a possible linkcomputer-analyzed a number of images from the time-
between rab5 phosphorylation, the shift in EEA1 distribu-lapse videos of dividing cells. The number of endosomes/
tion, and the coordinated movement of endosomes duringlysosomes in mother and daughter cells were identified,
cytokinesis.and the fractions of labeled organelles were compared to
the expected distribution of 100 endosomes partitioned
How then is the copy number of endosomes/lysosomesby a random procedure. Partitioning of neither early endo-
maintained as cells propagate? Our data show that thesomes nor late endosomes/lysosomes was within the ex-
endosome/lysosome copy number was approximatelypected distribution of 100 randomly segregated endo-
halved after cell division. The number of early endo-somes. Another method of studying the distribution of
somes, which were labeled “biosynthetically” by EEA1-endosomal partitioning into daughter cells involves mea-
GFP, increased in the daughter cells after cell divisionsuring the segregation of the fluorescent content of the
(50% increase after 3 hr). This shows that the copy numbermother cell endosomal compartments. This approach re-
of early endosomes increases in the daughter cells as endo-sulted in a more concentrated distribution, but not one
cytosis is reinitiated. However, the number of late endo-that was more precise than would be expected by a sto-
somes containing endocytosed marker did not increasechastic mechanism, which would yield data that follows
during the same period. As the number of late endosomes/a binomial distribution. From our data, we find no evi-
lysosomes most likely also increases, the newly formeddence for a strict mechanism assuring an equal division
organelles do not seem to share the content of the lyso-of endosomes/lysosomes into the two daughter cells. A
somes inherited from the mother cell. This could be apotential general size difference between daughter cells
result of the “maturation” of the early endosomes intomay also affect the distribution of these organelles. How-
late endosomes and lysosomes. In conclusion, our dataever, our results indicate that at least some part of the
demonstrate that endosomes and lysosomes do not disin-process of division of endosomes/lysosomes is stochastic.
tegrate during mitosis, but are partitioned as separate,
intact vesicles. The partitioning is not accurate, and the
The dispersed distribution does not rule out that there copy number is increased after cytokinesis, which is most
might be an order to the process. Our data show that likely a direct result of the reinitiated endocytic ma-
during mitosis, the endosomal compartments are clus- chinery.
tered by directional movements, suggesting that microtu-
bules are involved in the process. It is possible that organ- Materials and methods
elle association to either spindle is a stochastic process. Cells
Thus, although the spindle can serve as a track for precise Madin-Darby canine kidney strain II (MDCK) stably transfected with Ii
under the control of the metallothionein promoter in the pMEP4 vectorsegregation of its associated vehicles, endosomes/lyso-
has been described previously [34]. Ii expression was induced by thesomes would not be partitioned accurately if there was
addition of 25 mM CdCl2. Cells were transfected with early endosomalno mechanism to ensure that these organelles are bound
antigen 1 fused to green fluorescent protein (EEA1-GFP) [35], a gift
in equal numbers to both forming spindles. Altogether, from Dr. H. Stenmark (Oslo, Norway). The cells were grown in complete
medium: DMEM (Bio Whittaker) supplemented with 9% FCS (Integro),we may conclude that although organelle movement and
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